Objective: Central nervous system norepinephrine (NE) is normally involved in blood pressure regulation, but it is pathophysiologically elevated in posttraumatic stress disorder (PTSD). Methods: We monitored blood pressure while performing serial cerebrospinal fluid (CSF) sampling for 6 hours to determine CSF NE concentrations in men with combat-related PTSD (n ϭ 11) and in healthy men (n ϭ 8). Results: CSF NE concentrations strongly and positively correlated with mean diastolic blood pressure in the healthy men (R ϭ 0.93, p Ͻ .002) but not in the patients (R ϭ 0.10, p ϭ .77). Within individuals, mean arterial pressure, systolic blood pressure, diastolic blood pressure and pulse pressure were poorly correlated over time in patients with PTSD but highly correlated over time in the healthy men, indicating that measurement of these hemodynamic parameters are poorly prognostic of subsequent measurements of the same parameter in patients with PTSD. Conclusion: These data demonstrate the loss of the normal direct relationship between CSF NE and blood pressure in combat veterans with PTSD. Whether this dysynchrony mechanistically relates to the hemodynamic abnormalities in PTSD or, like some of the psychobehavioral symptoms, can be corrected with anti-noradrenergic pharmacotherapy remains to be determined. Key words: NE, autonomic nervous system, central nervous system, cerebrospinal fluid, posttraumatic stress disorder, mean arterial pressure.
T he catecholamine norepinephrine (NE) is a principal mediator of the central nervous system (CNS) response to stress in mammals and is directly linked to the pathophysiology of posttraumatic stress disorder (PTSD) (1, 2) . Cerebrospinal fluid (CSF) concentrations of NE are not only elevated in combat veterans with PTSD, but also correlate with the severity of PTSD symptoms (3) .
For more than two decades, it has been recognized that CSF concentrations of NE strongly and positively correlate with blood pressure (4). However, although several studies have noted that military combat veterans with PTSD exhibit increased resting heart rate, blood pressure is only slightly elevated (5) . Moreover, patients with combat-related PTSD do not show increased diastolic blood pressure in response to orthostatic, cold pressor, or mental arithmetic challenge to the same degree as healthy volunteers or combat veterans without PTSD, suggesting a paradoxically reduced autonomic response in PTSD to generic (nontraumatic) stressors (6) .
In order to carefully determine the relationship between CSF NE and blood pressure, we serially sampled CSF via an indwelling lumbar catheter and monitored blood pressure over 6 hours in healthy men and ex-military combatants with PTSD. The CSF, which bathes the brain and spinal cord, has a physiologic role in both synaptic and nonsynaptic neurotransmission; it is also clinically accessible for the study of central noradrenergic activity. Moreover, the use of serial sampling from a previously inserted, indwelling catheter allows the subject to recover from the stress of the lumbar puncture before CSF is withdrawn.
MATERIALS AND METHODS

Subjects and Consent
We studied 11 male patients (ex-soldiers and ex-marines) with chronic, combat-related PTSD (aged 42.5 Ϯ 9 years) and 8 healthy males (aged 41.0 Ϯ 9 years). All subjects and patients were carefully screened through the use of the Structured Clinical Interview for the Diagnostic and Statistical Manual of Mental Disorders, 3rd Edition, Revised, and unstructured exploratory clinical interviews to exclude those with a current or past psychiatric disorders, current substance abuse, or a history of these disorders in first-degree relatives (3). The 11 patients had suffered severe combat-related trauma, 9 in Vietnam and 2 in Iraq during the first Gulf War. Six of the 11 patients had histories of alcohol or drug abuse, but they had been abstinent from substances of abuse (excluding tobacco) for 15, 10, 7, 2.5, 1.4, and 0.5 years, respectively, before the study. All subjects were either psychoactive medication-naïve or had been medication-free for at least 14 half-lives, had negative urine toxicology screenings, were without significant health problems (except PTSD in the patients), and gave informed consent before participation in the study, which was approved by the Institutional Review Board of the University of Cincinnati Medical Center and by the Research and Development Committee at the Cincinnati Veterans Affairs Medical Center.
CSF Collection
A standard 667-calorie preload meal was consumed at 20:00 hours the evening before the study began, and subjects were fasted thereafter. The next morning at approximately 08:00 hours, a 20-gauge catheter was placed into the lumbar subarachnoid space. Then, at 11:00 hours, after about 3 hours of rest, continuous CSF withdrawal was begun through the indwelling subarachnoid catheter into iced test-tubes (0.1 ml/min), as previously described (3, 7) . A Vital Signs Monitor (Critikon, Tampa, FL) was used to monitor heart rate and blood pressure from the left leg every 1.5 hours, beginning at 11:00 hours.
Measurement of NE in CSF
CSF was frozen on dry ice at the bedside and maintained thereafter at Ϫ80°C until immediately before the determination of NE concentrations. Analysis of NE was performed in duplicate with high-performance liquid chromotography, as previously described (3). Intra-asay and interassay variability for CSF NE were 4.4% and 5.9%, respectively.
Statistical Analysis
Pearson correlation coefficients were determined for mean CSF concentrations of NE, mean systolic blood pressure, mean diastolic blood pressure, and mean heart rate in each subject over the 6-hour experiment. Mean arterial pressure (MAP), which is the average pressure exerted on the arterial walls over the entire cardiac cycle (one heart beat), was calculated as two thirds diastolic blood pressure plus one third systolic pressure; thus, this measure reflects that two thirds of the cardiac cycle is spent in diastole. Unpaired, two-tailed Student's t tests were used for comparison of age, blood pressure, and heart rate between the healthy subjects and the patients with PTSD. Findings were considered statistically significant at the p Ͻ .05 level, and results were expressed as means Ϯ standard deviations.
In order to take into account the time of the CSF sampling, a repeatedmeasures mixed model was conducted. Specifically, for each group of patients, the mixed model included the response variable (e.g., systolic blood pressure) as a function of subject, time, age, and body mass index (BMI). The subjects were treated as random effects, whereas age and BMI were treated as fixed effects. As a result of the repeated measurements taken for each subject, a covariance structure was specified. A reasonable covariance structure for these data was the autoregressive order 1 model (AR) (1) in which for each group, the variance of a given measurement (e.g., diastolic blood pressure, pulse pressure, etc.) is the same at each point. However, the correlation between adjacent measurements over time, within a subject, decreased geometricially. That is to say that the correlation between measurements 1 time unit apart is equal to , say, where Ͻ 1. The correlation between measurements 2 time units apart is 2 . In general, the correlation between measurements taken at times t i and t j is equal
, where i Յ j. Thus, a value of ϭ 0 indicates a complete lack of correlation between the contiguous measure, whereas a value of 1 indicates a complete correlation between successive measurements. Finally, compound symmetric covariance structures in which covariance between measures taken at times t i and t j is equal to when i j and unstructured models with no mathematical structure were examined. The unstructured covariance model did not converge in many cases, and the AR (1) structure was preferable to compound symmetry because it consistently achieved better fit characteristics. The fixed model computer code is given in Appendix I as an SAS ® macro.
RESULTS
CSF NE concentrations were highly and positively correlated with diastolic blood pressure in healthy men (R ϭ 0.93, p Ͻ .002, n ϭ 7), but not in the patients with PTSD (R ϭ 0.10, p ϭ .77, n ϭ 11), as shown in Figure 1 (one normal volunteer was unevaluable due to failure of the vital signs monitor). CSF NE concentrations tended to correlate with mean systolic blood pressure in the healthy men (R ϭ 0.68, p ϭ .1, n ϭ 7), but not in the combat veterans with PTSD (R ϭ 0.14, p ϭ .67, n ϭ 11). We did not detect statistically significant differences between mean heart rate in the healthy subjects and PTSD patients (61.6 Ϯ 5 and 63.3 Ϯ 7 beats per minute, respectively). Mean systolic and diastolic blood pressures for the healthy controls were 112.7 Ϯ 22 and 69.3 Ϯ 8 mm Hg, whereas in the patients with PTSD systolic and diastolic blood pressures were 122.6 Ϯ 11 and 74.9 Ϯ 5 mm Hg, respectively (not significant).
Results from the repeated-measures mixed model (age and BMI included as covariates) with AR covariance structures are shown in Table 1 . CSF NE concentrations were consistently and positively correlated between contiguous time points both among the patients with PTSD and among the healthy combat veterans. However, it is noteworthy that the PTSD patients exhibited significantly lower correlation between contiguous measurements for systolic blood pressure and directionally less correlation for diastolic blood pressure than did the healthy volunteers. The two groups both exhibited a positive correlation between adjacent time points for NE. Contiguous measurements of MAP in PTSD patients were not correlated, whereas in healthy volunteers contiguous measurements of MAP were significantly and positively correlated over time. In contrast, heart rate measurements were significantly and positively correlated in both the PTSD patients and in the healthy men.
DISCUSSION
These data, which replicate the presence of a direct NEblood pressure relationship in normal men (4), but show an absence of this relationship in patients with combat-related PTSD, suggest that combat-related psychological trauma is associated with chronic, fundamental pathophysiologic abnormalities in noradrenergic regulation of blood pressure measured years posttraumatization. However, we cannot determine if impaired regulation of NE predated the trauma and represents a vulnerability to the development of PTSD or if the dysregulation resulted from psychological trauma and/or the PTSD syndrome proper. represents the mean, within-subject correlation of adjacent measurements for each variable (eg, CSF norepinephrine, systolic blood pressure, etc). P-values for this correlation are noted parenthetically below each and the p-value for the statistical comparison between the value in the PTSD patients and in the healthy volunteers is shown at right.
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